Summary Spinal cord injury causes severe bone loss. We report osteoclast resorption with severe trabecular and cortical bone loss, decreased bone mineral apposition, and growth plate abnormalities in a rodent model of contusion spinal cord injury. These findings will help elucidate the mechanisms of osteoporosis following neurological trauma. Introduction Limited understanding of the mechanism(s) that underlie spinal cord injury (SCI)-induced bone loss has led to few treatment options. As SCI-induced osteoporosis carries significant morbidity and can worsen already profound disability, there is an urgency to advance knowledge regarding this pathophysiology. Methods A clinically relevant contusion model of experimental spinal cord injury was used to generate severe lower thoracic SCI by weight-drop (10 g×50 mm) in adolescent male Sprague-Dawley rats. Body weight and gender-matched naïve (no surgery) rats served as controls. Bone microarchitecture was determined by micro-computed tomographic imaging. Mature osteoclasts were identified by TRAP staining and bone apposition rate was determined by dynamic histomorphometry. Results At 10 days post-injury we detected a marked 48% decrease in trabecular bone and a 35% decrease in cortical bone at the distal femoral metaphysis by micro-CT. A 330% increase in the number of mature osteoclasts was detected at the growth plate in the injured animals that corresponded with cellular disorganization at the chondroosseous junction. Appositional growth studies demonstrated decreased new bone formation with a mineralization defect indicative of osteoblast dysfunction. Conclusions Contusion SCI results in a rapid bone loss that is the result of increased bone resorption and decreased bone formation.
Introduction
Spinal cord injury (SCI) causes severe osteoporosis that increases the risk of low-impact fractures. As a result, up to 70% of all individuals with SCI will fracture spontaneously or in response to minimal trauma at some point following their injury [1] . These fractures can be catastrophic as they limit mobility, worsen disability, interfere with implementation of rehabilitation treatment, and predispose to additional medical complications including pressure ulcers, osteomyelitis at the fracture site, hypertensive crisis secondary to autonomic dysreflexia, and worsening of functional impairment [2] [3] [4] [5] [6] .
Clinically, bone loss following SCI is unique in both the severity and pattern of resorption. The most profound bone loss and therefore the skeletal site most frequently fractured is the knee. This is in stark contrast to postmenopausal osteoporosis where clinically relevant bone loss and fractures occur at the hip and lumbar spine. In complete spinal cord injury, bone loss proceeds at a rate of 1% per week for the first 6-12 months [1, 7, 8] , a rate that is fourfold greater than that observed during microgravity (0.25%/week) [9] and tenfold greater than following periods of prolonged bed rest (0.1%/week) [10] . At 6 months post-injury, a 40% reduction in total bone mass below the neurological injury can occur [11] [12] [13] [14] [15] . By comparison, bone loss in early menopause in the able-bodied is 1.2-1.5% per year [16] . Taken together these findings strongly suggest that SCI-induced bone loss is not solely due to disuse and lack of mobility.
The central nervous system (CNS) is known to be a major regulator of bone metabolism as shown by recent studies that suggest the influence of higher integrating neuronal pathways [17] . Bone is densely innervated, and the observation of direct contact of nerve fibers and bone cells strongly supports a role of innervation in bone cell functions. A number of neuromediators have also been detected by immunocytochemistry in nerve fibers in bone [18] [19] [20] [21] [22] [23] . These studies suggest an important role of the neural system in regulating bone cell functions, and ultimately in influencing bone homeostasis.
Experimental contusion injury is a well studied model that is considered to be more physiologic and representative of human SCI pathology than cord transection. It has been used to determine the effects of various treatments on spinal cord recovery [24, 25] as well as to study common sequelae of SCI ranging from neuropathic pain [26, 27] to neurogenic bladder [28, 29] . However, there are no studies of bone loss following contusion injury in rodents. In this study we use the contusion model of spinal cord injury to determine the impact of SCI on bone density, bone microarchitecture, and the bone microenvironment at the distal femoral metaphysis.
Methods

Animals and SCI
Seven-week-old adolescent male Sprague-Dawley (SD) rats (200-225 grams) were anesthetized with i.p. ketamine (75 mg/kg) and xylazine (10 mg/kg). A severe T10 contusion injury was produced utilizing the New York University (NYU) SCI impactor (10 g×50 mm) as previously described [30] . The control group consisted of naïve, agematched male Sprague Dawley rats. Post-injury care for rats was carried out as we have previously described [30, 31] . Animals were euthanized on day 10 post-injury for subsequent analyses. The Institutional Animal Care and Use Committee at the VA Boston Healthcare System approved all procedures involving animals. We used the Basso, Beattie, Bresnahan (BBB) scale to confirm injury severity by rating hindlimb functional deficits on day 1 and 7 post-injury as previously described [31] . All injured animals demonstrated profound neurological impairment.
In vivo assessment of bone mineral density (BMD)
The femoral metaphysis was chosen for analysis based on the high clinical relevance associated with the fracture frequency at this skeletal site in spinal cord injured individuals. The distal forelimb was chosen as a supralesional control. Prior to sacrifice all animals were anesthetized and bone mineral density was assessed in vivo by PIXImus Scan (Lunar PIXImus2, software version 1.4X). The animals were positioned on their abdomens with the hindlimb externally rotated. The hip and knee were flexed to 110 degrees with the ankle in neutral position. The forelimb was externally rotated. Two regions of interest were analyzed, one (16×17 pixels) at the distal femoral metaphysis and one (11×13 pixels) at the distal radius/ulna with a BMD reproducibility (assessed by root mean square coefficient of variation) (RMS-CV) of 4% at the distal femoral metaphysis and 5% at the distal forelimb.
Evaluation of bone microarchitecture by micro-computed tomography
For micro-computed tomographic imaging (microCT), fixed femur or radius/ulnar samples were analyzed using a compact fan-beam-type tomograph (μCT 40, Scanco Medical AG, Bassersdorf, Switzerland). Bone tissues were kept in an airtight cylindrical sample holder filled with formalin. The holders were marked with an axial alignment line to allow for consistent positioning of the specimens. For each sample, approximately 200 micro-tomographic slices with an increment of 17 μm were acquired, covering the entire width of the bone. Three-dimensional analyses were performed to calculate morphometric indices including total volume (TV), bone volume (BV), marrow volume (MV), bone mineral content (BMC), bone surface (BS), bone thickness (Th), and various ratios, including density BV/TV, trabecular thickness [Tb.Th], trabecular number [Tb.N], and trabecular separation [Tb.Sp]. The indices were calculated as previously described [32] with a reproducibility (assessed by precision error) of 0.06-2.16% for the cortical compartment and 0.59-5.24% for the trabecular compartment [33] .
Dynamic histomorphometry studies
Sequential injections of calcein, a fluorochrome that incorporates into ossifying bone, were used to mark osteoid deposition and mineralization in vivo. Naïve and severely injured animals were injected i.p. with calcein (10 mg/kg) on day 2 and day 9 post-injury. At 10 days post-injury hindlimbs were resected and dynamic histomorphometric analyses were performed at the distal femoral metaphysis by the Mayo Clinic Histomorphometry Core Laboratory (Rochester, MN).
Goldner's trichrome staining and trap staining of osteoclast activity
We stained 5 μm deparaffinized bone sections with Goldner's trichrome method for osteoid identification [34] . Adjacent sections were stained for TRAP to identify mature osteoclasts as previously described [19] . Osteoclasts were counted as TRAP-positive multinucleated cells and the total number was expressed per mm length of growth plate cartilage and mm length of cortical bone.
Results
Rapid decrease in bone mineral density at the femoral metaphysis following SCI In the experimental group, all animals had severe neurological impairments as evidenced by limited spinal reflexes without functional locomotion. Bone mineral density was Fig. 1 Rapid post-SCI decrease of mineral density in bones innervated by spinal cord segments caudal to the injury epicenter. Bone mineral density was determined ten days post-injury at the distal femoral metaphysis in spinal cord injured and naïve rats by PIXImus. The forelimb was used as a supralesional control. There was a significant loss in average bone mineral density at the distal femoral metaphysis in the spinal cord injured group (34%). No change in bone mineral density was found at the forelimb site Table 1 for details) assessed by PIXimus scan at the femoral metaphysis (i.e., sublesional skeletal site) and the distal forelimb (skeletal site used as a supralesional control). We found a significant 34% decrease in bone mineral density at the distal femoral metaphysis in the injured animals (n=11) compared to naïve controls (n=9) at 10 days post-injury (0.12±0.02 g/cm 2 versus 0.18±0.02 grams/cm 2 , p<0.001) (Fig. 1 ). In contrast, there was no significant difference in the forelimb BMD between the injured and naïve groups (0.09±0.01 grams/cm 2 versus 0.08±0.01 grams/cm 2 , p=0.20).
Alterations in bone microarchitecture following SCI MicroCT analysis of the femoral metaphysis revealed a significant alteration in bone microarchitecture due to severe SCI (Fig. 2) . We detected an average of 48% decrease in trabecular bone mineral content (Table 1) with an associated decrease in trabecular thickness and connectivity density at the femoral metaphysis in the injured animals (n=5) when compared to the naïve controls (n=5). The mean cortical bone mineral content was also decreased by 35% with significantly decreased cortical thickness. Furthermore, the ratio of bone surface to bone volume (BS/BV (1/mm)) was increased in both compartments indicating increased trabecular and cortical bone resorption. Increased osteoclast activity following SCI TRAP staining revealed a statistically significant 333% increase in the number of mature osteoclasts per mm of growth plate in the animals with spinal cord injury (n=3) compared to the naïve controls (n=4). There was no significant change in the number of osteoclasts per mm of cortical bone ( Fig. 3a and b) .
Alterations in the growth plate and mineral apposition following SCI Goldner's trichrome staining of adjacent sections demonstrated chrondrocyte disorganization at the growth plate in the injured animals (Fig. 3c) . The boundaries between proliferating and hypertrophic zones were less distinct in the injured animals with a loss of both hypertrophic and proliferating chondrocyte columnar alignment. The altered columnar arrangement made chrondrocyte counts per column inaccurate; however we detected a 35% reduction in growth plate width in the injured samples. These changes occur at both the margins and in the center of the growth plate. Appositional growth studies revealed a significantly decreased bone formation rate in the injured animals (Table 2) . Additionally, the calcein labeling pattern of ossifying trabecular bone at the distal femoral metaphysis was abnormal only in samples derived from injured animals. In the injured sections the labeling was diffuse with few regions of distinct single or double labeling indicating a mineralization defect (Fig. 4, red arrows) . Thus, there appears to be a qualitative and quantitative difference in mineral apposition caused by spinal cord injury.
Discussion
The contusion spinal cord injury model is considered to be the most relevant to clinical SCI and therefore widely used to study the pertinent sequelae of human SCI [35] . In the present study we report a significant decrease in bone mineral density at the distal femoral metaphysis which is associated with markedly reduced bone formation rate, decreased bone mineralization, increased osteoclast activity and disruption of the cellular organization of the growth plate in a rodent model of contusion SCI. These findings (Fig. 3b top) with no change in cortical TRAP positive cells (Fig. 3b, bottom) . Goldner's trichrome staining of adjacent sections demonstrates normal cellular arrangement at the growth plate in the naive animals ( Fig. 3c panels a and c) and cellular disorganization in the injured animals (Fig. 3c panels b and d) indicate that increased bone resorption due to osteoclast activation and decreased bone formation due to an osteoblast defect simultaneously contribute to the pathophysiology of SCI-induced bone loss.
Previously, based on clinical studies of markers of bone turnover, including free and total deoxypyridinoline, total pyridinoline, N-telopeptide, osteocalcin, and total alkaline phosphatase in individuals with spinal cord injury, it was widely assumed that the rapid bone loss following acute SCI is caused by enhanced bone resorption with normal bone formation. Jiang et al. recently reported increased osteoclastic activity from marrow derived precursors following spinal cord transection in rats and concluded osteoclast activity to be more affected than osteoblast activity. They additionally showed increased mineral apposition rate and bone formation rate at 3 weeks post-transection [36] . The seemingly contradictory findings on osteoblasts relative to ours are likely due to differences in the model of experimental spinal cord injury (i.e., transection versus contusion) and the corresponding changes in osteoblast function over time. These findings warrant further investigation of specific osteoblast activities triggered by different modalities of SCI. Our findings are the first to report both osteoclast dysfunction and suppressed osteoblast activity in the development of osteoporosis following lower thoracic contusive spinal cord trauma.
We also noted a loss of normal cellular organization at the growth plate in conjunction with the osteoclast activation and resulting metaphyseal bone loss. This finding suggests that spinal cord injury may result in altered cartilage differentiation and/or signaling between cartilage and growing bone. Children with spinal cord injury are known to have stunted growth of the long bones that are distal to the neurological injury [37] . The growth plate arrest with chondrocyte columnar derangement may represent a histopathogical basis for the growth deficiency seen in human patients. It is also possible that SCI-induced bone loss is greatest in those subjects with immature skeletal bones. This is unlikely as the bone loss that we report is similar in magnitude to that seen in human adults with SCI. However, the impact of gender and skeletal maturity on the severity of SCI-induced osteoporosis needs to be determined in future studies.
We have additionally observed decreased BMD in both the trabecular and cortical compartments. Earlier human studies of BMD by dual-energy X-ray absorptiometry (DXA) reported trabecular bone loss acutely following SCI. A more recent report also showed cortical thinning detected by using peripheral quantitative computed tomography (pQCT) [38] . The trabecular loss is more rapid, but the cortical thinning persists beyond the acute period following SCI. As the mean time to first fracture is 9 years post-injury [39] , efforts to slow or prevent the ongoing cortical bone loss are an important therapeutic consideration.
The mechanism of sublesional bone loss following neurological injury is poorly understood. Verhas et al. demonstrated increased bone blood flow at the sites of greatest bone loss in a transection model of SCI and suggested the mechanism of bone loss involves the development of vascular shunts within the bone [40] . Takahashi et al. similarly reported increased regional bone blood flow as early as 6-hours following hemicordotomy with rhizotomy in rats and concluded the spinal nervous system played a role in the control of regional blood flow within the affected bone [41] . Abnormal cytokine levels within the bone have also been implicated in the development of bone loss in sublesional zones. Demulder et al. biopsied bone from the sternum and iliac crest of five neurologically intact volunteers and seven SCI subjects at 6 weeks following spinal cord injury. They reported increased levels of IL-6, a cytokine shown to enhance osteoclast formation and bone resorption, in samples from the SCI patients. They speculated that a local increase of IL-6 in sublesional bones promotes osteoclast recruitment from marrow precursors [42] .
A dense network of sensory and sympathetic nerve fibers exists within the marrow, periosteum, cortical and trabecular compartments. Immunohistochemical analysis of rodent long bones has shown neuropeptide expression within these nerve fibers [43] . Neuropeptide surface receptor expression has been described on both osteoclasts and osteoblasts. Receptor activation triggered by neuropeptide binding causes altered bone cell activity in several in vitro studies [44, 45] . Moreover, nerve fiber distribution has been shown to change in response to neurological injury. Induced sensory and sympathetic denervation dramatically alters the distribution of immunoreactive fibers within rat bone [21, 46] . Neurological injury may result in physiological changes within the bone microenvironment, including shunt formation in blood circulation and changes in cytokine or neuro-osteotrophic factor expression, that ultimately lead to osteoclast activation and osteoblast inhibition.
Our results recapitulate the changes in bone microarchitecture as those detected by peripheral computed tomography following spinal cord injury in humans. Therefore, our work constitutes a foundation offering significant potential for mechanistic studies that are currently lacking and greatly needed to advance the understanding of SCI-induced bone loss. Furthermore, our model and experimental protocols can be readily used to test therapeutic interventions aimed at prevention and amelioration of osteoporosis following neurological injury. 
